We examined and compared species composition of the diatom assemblages in the surface mixed layer and subsurface chlorophyll maximum (SCM) layer in the eastern Indian Sector of the Southern Ocean during the summers of 2002 and 2003. In both years, the SCM formed below the mixed layer and within the temperature minimum layer. Among all diatom taxa (56 species and 10 generic groups) identified, 13 were classified as dominant taxa and they had wide variable cell sizes. This makes the SCM a widely available foraging site for a variety of grazers of different sizes. Bray -Curtis similarity index indicated that species composition of the assemblages was similar in the mixed layer and in the SCM at most stations. Cluster analysis revealed that three assemblages in the SCM detected in 2003 were clearly different from those from a single SCM assemblage in 2002. Comparisons among data from this and previous studies suggest that there are no unique SCM assemblages in the area, and that assemblages in the SCM have high regional and interannual variability in species composition, which would cause their availability for various grazers to be variable.
importance of the SCM is as follows. Richardson et al. (Richardson et al., 2000) suggested that primary production in the SCM in summer exceeds that during the spring bloom in the North Sea in the surface mixed layer. Other researchers have pointed out that the vertical concentration of zooplankton at the SCM indicates active grazing on phytoplankton in the northwestern Atlantic Ocean (Ortner et al., 1980) , northern Adriatic Sea (Revelante and Gilmartin, 1995) and the coastal waters north of Spain (Fernández de Puelles et al., 1996) . Pollehne et al. (Pollehne et al., 1993) suggested that the SCM is the main source of export production during the inter-monsoon period in the northern Indian Ocean.
The SCM is also a recurrent and widespread phenomenon in pelagic regions of the Southern Ocean south of the Polar Front (PF) (Holm-Hansen and Hewes, 2004; Holm-Hansen et al., 2005) . Based on previously reported data, Holm-Hansen et al. (HolmHansen et al., 2005) found that the SCM in the Southern Ocean is located below the surface mixed layer and within the temperature minimum layer (TML) when chlorophyll a concentration in the mixed layer is less than ca. 0.5 mg/m 3 . While the dominant mechanism is not yet identified, several mechanisms have been suggested for the formation of the SCM in the Southern Ocean, e.g. in situ growth of phytoplankton (Holm-Hansen and Hewes, 2004; Holm-Hansen et al., 2005) , in situ increase of cellular chlorophyll a (Mikaelyan and Belyaeva, 1995) , subduction of chlorophyll a rich water (Bathmann et al., 1997) and accumulation of sinking diatoms in the subsurface layer (Parslow et al., 2001) . The ecological significance of the SCM in the Southern Ocean is little understood, although there have been a few studies. Nishikawa and Tsuda (Nishikawa and Tsuda, 2001) observed that the tunicate Salpa thompsoni stays at the SCM for a relatively long time during diel vertical migrations, suggesting an increase in feeding opportunities. Umani et al. (Umani et al., 1998) observed the peak abundance of microzooplankton in the Ross Sea at the depth of the SCM.
While the phytoplankton community in the Southern Ocean consists of various taxonomic groups such as diatoms, dinoflagellates, prymnesiophytes, cryptophytes and prasinophytes (Scott and Marchant, 2005) , pigment analyses using HPLC reveal that diatoms are the predominant group in the SCM in offshore regions (Wright and van den Enden, 2000; Wulff and Wängberg, 2004; Hashihama et al., 2008) . Therefore, to understand the ecological importance of the SCM in the Southern Ocean, data are required on diatom assemblages. Data on species composition is particularly important, because some dominant zooplankters in the Southern Ocean are able to selectively feed on different diatom species (Granéli et al., 1993; Atkinson, 1995 Atkinson, , 1996 . However, reliable data have not yet been obtained although some fragmentory information is available (Kang and Lee, 1995; Chiba et al., 2000; Kopczynska et al., 2001) .
In this study, we investigated species composition of the diatom assemblages in the surface mixed layer and SCM in the eastern Indian Sector of the Southern Ocean south of the PF during two successive summers. The results illustrate species composition of assemblages in the SCM and their regional and interannual variability. Possible impacts of these diatom assemblages in the SCM on zooplankton foraging are also discussed.
M E T H O D Study area and sample collection
The Southern Ocean has a circumpolar zonal structure demarcated by several fronts. The PF and the Southern Boundary of the Antarctic Circumpolar Current (SB) play an important role as boundaries for biotic community structure and biological production (Kopczynska et al., 1986; Nicol et al., 2000; Chiba et al., 2001) . The PF divides into northern and southern branches (N-PF, S-PF) at 1408E (Sokolov and Rintoul, 2002) , and the physical and chemical characteristics differ on either side of the S-PF (Trull et al., 2001) .
Our study area was in the eastern Indian Sector of the Southern Ocean between 57 and 658S on a longitudinal line at 1408E (Fig. 1) ; the S-PF and SB were identified using the definition by Sokolov and Rintoul (Sokolov and Rintoul, 2002) . Thus, the study area was divided into three zones: the Interpolar Frontal Zone (IPFZ) from the N-PF to S-PF (Parslow et al., 2001) , the northern Antarctic Zone (N-AZ) from the S-PF to SB and the southern Antarctic Zone (S-AZ) south of the SB.
Samples were taken on three cruises during the summers of 2002 and 2003 (Table I) (Fig. 1) . We defined the SCM as the chlorophyll maximum located below the surface mixed layer and within the TML by following Holm-Hansen et al. (Holm-Hansen et al., 2005) . The surface mixed layer was defined as the shallow layer above the depth where the vertical density difference was over 0.1 kg/m 3 from 10 dbar (Aoki et al., 2006) .
Water samples and vertical profiles of temperature and salinity were taken at each station using a rosette sampler equipped with Niskin bottles and a conductivitytemperature -depth (CTD) probe (SeaBird SBE911 plus). Surface samples were taken using a bucket. Water samples collected from 9 to 12 depths in the upper 200 m, including surface samples, were used to determine chlorophyll a and nutrient concentrations. One sample from each of the mixed layer and SCM were examined microscopically for phytoplankton.
Chlorophyll a and nutrient analyses
Water samples were filtered through a Whatman GF/F filter to determine chlorophyll a concentrations. Pigments on the filter were extracted using (Suzuki and Ishimaru, 1990) and chlorophyll a was determined fluorometrically (Parsons et al., 1984) with a Turner Designs fluorometer (model 10AU). Concentrations of nitrate, nitrite, ammonium, phosphate and silicate were measured using an autoanalyzer (TRACCS 2000, Bran þ Luebbe) by the method described by Strickland and Parsons (Strickland and Parsons, 1972) .
Microscopic analysis
One water sample from each of the surface mixed layer (0 or 40 m) and SCM (50, 80, 100 or 125 m) at each station was fixed with neutralized formalin at a final concentration of 2% on the JARE-43 Cruise and with glutaraldehyde-Lugol solution (Rousseau et al., 1990 ) at a final concentration of 2% on the other two cruises. There were no morphological differences between the diatom frustules fixed with neutralized formalin and those fixed by glutaraldehyde-Lugol solution. A 100 mL aliquot of the fixed sample was settled and diatom cells identified and counted under an Olympus IMT-2 inverted microscope at 200 -400Â magnification using the Utermöhl method (Utermöhl, 1958) . Cell size was also measured to calculate cell volume by assuming appropriate geometric forms (Hillebrand et al., 1999) 
Statistical analysis
A Bray -Curtis similarity index (Bray and Curtis, 1957) was calculated to examine the similarity of diatom assemblages between samples. Species composition in terms of relative carbon biomass was used for the calculation to evaluate its significance for the zooplankton diet. Calculations were made between all samples from the SCM, and between samples from the mixed layer and SCM at each station. Cluster analyses of the indices from the SCM were used to identify regional and interannual variability in the diatom assemblages that formed the SCM: a group average linkage was used for the hierarchical agglomerative clustering method. For verifying this analysis, an ordination on a two-dimensional map was conducted using non-metric multi-dimensional scaling (NMDS). PRIMER 6 (PRIMER-E Ltd.) was used for all statistical analyses. (Fig. 2) . The chlorophyll a concentration in the SCM ranged from 0.15 to 0.81 mg/L, being 1.5-2.9-fold higher than that in the mixed layer (Table II) .
R E S U LT S

Nutrients
The concentration of nitrate in the surface mixed layer was high and stable (25.4 -28.6 mM) at all stations, while that of silicate gradually decreased northward and was very low at the northernmost stations in the IPFZ in both years, i.e. 2.5 mM in 2002 and 5.5 mM in 2003 (Table II) . Concentrations of both nitrate and silicate were higher at the SCM than those in the mixed layer at all stations, even at the northernmost stations where the silicate at the SCM exceeded 15 mM.
Carbon biomass and carbon -chlorophyll a ratio of diatom assemblages
Total carbon biomass of diatom assemblages in the SCM ranged from 0.22 to 58.16 mg C/L at all stations and was higher in 2003 (4.62 -58.16 mg C/L) than in 2002 (0.22 -1.88 mg C/L) (Table II) . In 2002, the biomass was higher in the SCM than in the mixed layer at all stations except for the northernmost station in the IPFZ (St. 10). In contrast, in 2003, biomass was lower in the SCM than in the mixed layer at all stations except the northernmost station (St. 1).
The carbon -chlorophyll a ratio (C:Chl a) of diatom assemblages in the SCM was also higher in 2003 (9.80 -72.00) than in 2002 (1.49 -10.05) (Table II) . While a C:Chl a of less than two was observed in the IPFZ in 2002 (Sts 9 and 10), the highest ratio (72.00) was observed in the same zone in 2003 (St. 1). The ratio in the SCM was lower than that in the mixed layer at all stations except St. 1 in both 2002 and 2003.
Species composition of diatom assemblages
We identified 56 species and 10 generic groups of diatoms (Table III) of which seven species (Actinocyclus actinochilus, Chaetoceros aequatorialis var. antarcticus, C. neogracilis, Eucampia antarctica, Porosira pseudodenticulata, Rhizosolenia antennata f. antennata, R. polydactyla f. polydactyla) and one generic group (Nitzschia spp.) were observed only at the SCM. Among these eight taxa, E. antarctica was the most common (5 out of 10 stations) followed by P. pseudodenticulata (4 of 10 stations). Five of the taxa occurred at ,100 cells/L only at one station.
We defined taxa that accounted for more than 10% of the total carbon biomass in any one sample as being dominant; 13 such taxa were defined: Asteromphalus hookeri, Banquisia belgicae, Corethron pennatum, Dactyliosolen antarcticus, D. tenuijunctus, Dactyliosolen sp., Fragilariopsis kerguelensis, Fragilariopsis spp., Membraneis challengeri, Rhizosolenia chunii, Thalassiosira oliveriana, T. tumida, Thalassiothrix antarctica -Trichotoxon reinboldii complex (Table III) . The range in cell size of these taxa was very large: the length of the major axis ranged from 12.2 (Fragilariopsis spp.) to 1281.2 mm (Thalassiothrix antarcticaTrichotoxon reinboldii complex).
In 2002, the most dominant taxon in the SCM was Fragilariopsis kerguelensis, accounting for 21.8-58.7% of the total biomass and other Fragilariopsis spp. were also relatively dominant (Fig. 3A) . These two groups comprised a high proportion of the total biomass at St. 9 (96.9%) in the IPFZ and St. 2 (85.1%) in the N-AZ. However, their proportion of the total biomass was low at St. 1 in the N-AZ and St. 10 in the IPFZ, and the proportion of Asteromphalus hookeri and Thalassiothrix antarctica -Trichotoxon reinboldii complex increased, exceeding 10% at St. 10. The composition in the surface mixed layer was similar to that at the SCM at Sts 2 and 9, but was relatively different to that at Sts 1 and 10. At the former stations, the proportion of F. kerguelensis was higher in the mixed layer (80.3%) than in the SCM (35.7%); at the latter stations, Thalassiosira tumida and Banquisia belgicae dominated the mixed layer and Asteromphalus hookeri dominated the SCM (Fig. 3B ).
In 2003, species composition in the SCM was markedly different from that in 2002 and was regionally variable. The proportion of F. kerguelensis was very low (,5% (Fig. 3A) .
In the N-AZ, Dactyliosolen antarcticus, Fragilariopsis spp. and D. tenuijunctus dominated the SCM. While Fragilariopsis spp. was also dominant in the S-AZ (St. C11), and it comprised a greater proportion of the taxa in the S-AZ (46.4%) than in the N-AZ (10.7 -13.3%). Corethron pennatum was secondarily dominant in the S-AZ (29.3%).
In 2003, species composition in the mixed layer was markedly different from that in the SCM in N-AZ, especially at Sts 2 and C14 where D. tenuijnctus comprised high (40.2-58.7%) and D. antarcticus low (1.2-6.1%) proportions in the mixed layer, but the reverse trend was observed in the SCM (Fig. 3B ). In addition, Dactyliosolen sp. comprised a high proportion (29.5%) of taxa in the mixed layer at St. 2. In contrast, the difference in species composition between the mixed layer and the SCM was moderate in the zones adjacent to the N-AZ. In the IPFZ (St. 1), F. kerguelensis, M. challengeri were dominant both in the mixed layer and at the SCM, while Rhizosolenia chunii and T. tumida were dominant in the mixed layer and SCM, respectively. In the S-AZ, Fragilariopsis spp. and C. pennatum constituted the highest proportion of the total biomass both in the mixed layer and at the SCM.
Similarity between diatom assemblages
Similarity between all samples from the SCM was 9.3-85.2% (30.5% on average): high in 2002 (55.3% on average) and low in 2003 (36.1% on average) (Table IV) . Similarity between years was very low: 15.1-37.2% (26.2% on average) in the IPFZ and 14.5-35.6% (19.6% on average) in the N-AZ. Similarity between the mixed layer and the SCM was high at 7 of 10 stations, being more than or close to 50% (Fig. 4) . Similarity was as low as 25.1-38.0% at the remaining three stations (Sts 2, 4 and C14 in 2003) .
Cluster analysis based on the similarity between all samples from the SCM revealed four clusters: two groups of samples and two solitary samples at the low similarity level of 27.6% (Fig. 5A ). This means that the difference in species composition among groups was very large. Group 1 consisted of four samples from the N-AZ in 2003, and Group 2 consisted of all four samples in 2002. One solitary sample was from the IPFZ and the other was from the S-AZ in 2003. Hence, dissimilarity between years and dissimilarity between zones in 2003 were detected. A two-dimensional NMDS map showed that the samples were demarcated in the same way (Fig. 5B) .
D I S C U S S I O N Diatom assemblages at the SCM
In the subtropical North Pacific Ocean, there are species that are mainly distributed in the deeper layers, Fig. 4. Bray -Curtis similarity (%), calculated on species composition in relative carbon biomass between samples collected from the surface mixed layer and at SCM for each station.
including the SCM (Venrick, 1988) . We found that some species were distributed only at the SCM in the Southern Ocean, but most of them occurred only at single stations and their overall abundance was low (Table III) . Furthermore, Eucampica antarctica, which occurred only at the SCM in this study, has previously been reported from the surface layers in offshore (Gomi et al., 2005) and coastal regions (Kozlova, 1966; Garibotti et al., 2003) , and dominating phytoplankton blooms in the Southern Ocean (Garibotti et al., 2003) . The same patterns have also been observed for Porosira pseudodenticulata (cf. Kozlova, 1966; Ishikawa et al., 2001; Ichinomiya et al., 2008) . Therefore, the species that we observed only at the SCM are not particular species confined to the SCM in the Southern Ocean as a whole.
In terms of species composition, similarity between samples from the mixed layer and SCM was high at more than half of the stations, while it was low at three stations (Sts 2, 4 and C14 in 2003) (Fig. 4) . At the latter stations, the assemblage in the SCM was characterized by a unique species composition dominated by Dactyliosolen antarcticus, Fragilariopsis spp. and D. tenuijunctus (Fig. 3A) . However, similar diatom assemblages, dominated by D. antarcticus and Fragilariopsis species (Kawamura and Ichikawa, 1984; Socal et al., 1997) and D. antarcticus and Dactyliosolen sp. resembling D. tenuijunctus (Mikaelyan and Belyaeva, 1995) , have been observed in the surface layer. In the western Bransfield Strait region, another diatom assemblage dominated by Rhizosolenia antennata f. semispina and Fragilariopsis pseudonana (Kang and Lee, 1995) , species that we did not observe, has been observed at the SCM. However, a similar assemblage has also been observed in the mixed layer (Kang and Lee, 1995) . These demonstrate that there is no particular diatom assemblage characteristic of the SCM in the Southern Ocean, unlike in the western North Pacific Ocean where diatom assemblages in the SCM are different from those in the surface layer (Furuya and Marumo, 1983) .
High similarity between the assemblage in the mixed layer and those at the SCM indicates that the assemblages in the SCM are formed mainly by accumulation of cells sinking from the surface. This agrees with the conclusion of Parslow et al. (Parslow et al., 2001 ) that sinking of diatoms plays an important role in the formation and maintenance of the SCM in the eastern Indian Sector of the Southern Ocean. Parslow et al. (Parslow et al., 2001) suggested that Si and/or Fe control the accumulation of diatom cells in the subsurface layer and that their sinking rate is determined as follows: in summer, depletions of Fe and/or Si in the surface layer increase the sinking rate of the cells. When the sinking cells reach the Si-and Fe-rich subsurface layer, they are released from the stress caused by nutrient limitation and their buoyancy recovers. This might cause the accumulation of cells in the subsurface layer. On the other hand, in some instances, we observed low similarity between the mixed layer and the SCM assemblages. This indicates that other factors such as different growth rates and grazing losses by species at different depths are also responsible for the formation of the SCM. (Table IV, Fig. 5 ). Previous studies conducted in this area in summer have reported different diatom assemblages at the SCM between years, i.e. assemblages dominated by Pseudonitzschia heimii, Thalassiothrix antarctica, Chaetoceros bulbosus, Proboscia alata and D. antarcticus in the IPFZ in 1998 (Kopczynska et al., 2001 ) and by T. antarctica and F. kerguelensis in the N-AZ in 1996 (Chiba et al., 2000) . These differences indicate interannual variability in assemblages in the SCM in the IPFZ and N-AZ. Chiba et al. (Chiba et al., 2000) also reported a diatom assemblage dominated by Rhizosolenia hebatata f. hebatata, F. kerguelensis and Chaetoceros criophilus in the SCM south of the Antarctic Divergence (whose position was almost the same as the SB reported by Orsi et al., 1995) in 1996. Interannual variability also seems to be apparent in this zone, because its species composition was different from the assemblage that we observed in the S-AZ.
For the SCM samples, the average similarity between zones in both 2002 and 2003 was higher than that between 2002 and 2003 in both the IPFZ and N-AZ (Table IV) . This indicates that regional variability in species composition of the diatom assemblages at the SCM was lower than interannual variability within zones. Cluster analyses indicated that regional variability was low in 2002, but high in 2003 (Fig. 5A) . Chiba et al. (Chiba et al., 2000) reported that species composition in the SCM changed between the north and south of the Antarctic Divergence at 1408E, but not at 1458E during the same period. Therefore, the regional variability may depend not only on year, but also on area.
The C:Chl a ratio of phytoplankton is highly variable in both spatial and temporal scales in the Southern Ocean. Low nutrient availability, high light intensity, low temperatures and dominance of phytoplankton species with lower cellular chlorophyll a lead to high C:Chl a and vice versa (Mikaelyan and Belyaeva, 1995) . In our study, C:Chl a at the SCM was highly variable, A remarkably high C:Chl a ratio was recorded at the SCM at St. 1 in 2003, while particularly low nutrient availability, high light intensity and low temperatures were not recorded. This high C:Chl a was caused by a high carbon biomass of the diatom assemblage, which mainly consisted of large species such as A. hookeri, M. challengeri and T. tumida. Their physiological characteristics may be involved with the remarkably high C:Chl a in this study. To improve understanding of the variability of C:Chl a, relationships between the physiological characteristics of various diatom species and environmental factors should be examined in detail.
Possible impact on zooplankton
In the Southern Ocean, there are several dominant diatom grazers in the TML where the SCM usually forms (Holm-Hansen and Hewes, 2004) . Metridia gerlachei is one such example (Nakamura et al., 1982) and is known to prefer large diatom cells up to 100-200 mm (Atkinson, 1995) . The same preference has also been reported for Oithona similis (Granéli et al., 1993; Atkinson, 1996) , one of the most abundant copepods in the top 200 m of the Southern Ocean (Metz, 1995) .
In contrast, tintinnids and naked ciliates, which are the primary components of microzooplankton assemblages, generally feed on pico-and nanoplankton ,20 mm (Rassoulzadegan et al., 1988) . Some of the Fragilariopsis and Thalassiosira diatom species are in this size category (Scott and Marchant, 2005) . Ciliates sometimes occur abundantly in the subsurface layer (Froneman and Perissinotto, 1996; Umani et al., 1998) , indicating that they feed on smaller members of the SCM assemblages. Because the size spectrum of the dominant taxa at the SCM is very wide, from ,20 mm for Fragilariopsis spp. to more than 1000 mm for the Thalassiothrix antarctica -Trichotoxon reinboldii complex (Table III) , the SCM is an important foraging area for various grazers. Its importance would fluctuate with regional and interannual variability in species composition of the SCM diatom assemblages.
C O N C L U S I O N
There are no unique diatom assemblages in the SCM in the Indian Sector of the Southern Ocean. Interannual variability of the assemblages is very high, while regional variability is also often high. A wide size range of dominant taxa, and high regional and interannual variability in species composition of the SCM assemblages make the SCM an important foraging site for various grazers; however, its availability for grazers would fluctuate with regional and interannual variability in species composition of diatom assemblages.
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